Caprine arthritis-encephalitis virus (CAEV) (3) is a small ungulate lentivirus closely related to ovine maedi-visna virus. CAEV is associated with slow and persistent inflammatory diseases like encephalitis, pneumonitis, arthritis, and mastitis. The main target cells in vivo are cells of the monocyte/macrophage lineage (7, 19, 20) , and CAEV does not replicate in lymphocytes (9) . CAEV shares the virally encoded dUTPase (EC 3.6.1.23) with some other nonprimate lentiviruses, namely, equine infectious anemia virus (EIAV) and feline immunodeficiency virus (FIV) (5, 16, 18, 32, (36) (37) (38) . In the lentiviruses, the dUTPase gene (DU gene) is located between the RNase H and integrase subdomains of pol and is expressed as a Pol polyprotein precursor which is then packaged in the viral particle. The virion-associated dUTPase activity is efficient at preventing dUTP incorporation into a synthetic cDNA by the endogenous reverse transcriptase (32, 37) . Cellular dUTPases are ubiquitous enzymes which help to maintain a low ratio of dUTP to TTP and therefore minimize incorporation of uracil residues into DNA. They are regulated by the cell cycle, being at high levels in dividing, undifferentiated cells and at low levels in terminally differentiated, nondividing cells (4, 17, 21, 25, 31) . A virally encoded dUTPase would presumably be advantageous for replication in nondividing cells like macrophages, which are the main target cells of ungulate lentiviruses in vivo and where the levels of endogenous dUTPase and the pool of deoxynucleotides are low (33) .
Indeed, DU Ϫ CAEV and visna virus have been shown to replicate with wild-type (WT) kinetics in dividing goat synovial membrane (GSM) cells in culture but to exhibit delayed replication in nondividing primary macrophages (37) . Although retarded, the viral production of CAEV mutants eventually catches up with that of WT virus. DU Ϫ FIV and EIAV replicate very poorly in cultured macrophages, with viral production representing 1 to 2% of the WT level (16, 32, 36, 38) . In experimentally infected ponies, DU Ϫ EIAV exhibits markedly reduced plasmatic viral loads (16) , and DU Ϫ FIV shows reduced viral burdens in selected tissues of infected cats (15) . With respect to another family of dUTPase-encoding virus, DU Ϫ human herpes simplex virus type 1 (HSV-1) is attenuated for neurovirulence and neuroinvasiveness in a mouse model (26) , further demonstrating the importance of the virally encoded dUTPase for replication in nondividing cells (neurons in this case).
Moreover, dUTP misincorporation in the genome of DU Ϫ viruses might be mutagenic, as reported for a culture infection of DU Ϫ HSV-1, leading to a fivefold increase in the relative mutation frequency of a reporter gene (27) . Increased frequency of mutation of selected regions of the genome has also been reported for DU Ϫ FIV in experimentally infected cats (15) . The dominant mutations in FIV proviruses were G-to-A substitutions, consistent with a guanine ⅐ deoxuridine mispairing during first-strand synthesis of cDNA.
The present study was designed to analyze the importance of CAEV dUTPase for replication in vivo, looking for reversion of a DU Ϫ single point mutant and for associated changes in viral load, invasiveness, and pathogenesis. Changes in mutation rates and quasispecies distribution in the experimentally infected goats were also investigated. We show that a single point mutant of dUTPase reverts in one of three CAEV-infected goats. An intact viral dUTPase was found to be necessary for full-scale pathogenesis but did not markedly affect the viral recovery from explanted monocyte/macrophages or the overall distribution in tissue during replication in experimentally infected goats. We further demonstrate that the CAEV dUTPase prevents G-to-A substitutions.
MATERIALS AND METHODS
Viruses. The dUTPase-competent WT and the dUTPase-defective DU-G and DU-1 viruses were recovered from the supernatant of primary GSM cells cotransfected with two overlapping molecular clones which were derived from the original clones of CAEV Co (28) , namely, the BS-3ЈLTR and the WT or modified pK-9kb plasmids (37) . The single point mutant of dUTPase (G at position 4130 in the original pK-9kb clone [28, 30, 37] ), which was previously named WT G (37) , will now be called DU-G. The repaired (A at position 4130) pK-9kb clone, leading to the dUTPase-competent CAEV, which was previously called WT E (37) , will now be called WT. The DU-1 dUTPase double mutant was obtained by deleting an in-frame EcoRI-BstEII fragment (position 3829 to 3879) from the DU-G clone (Fig. 1) .
Animals.
Twelve adult Saanen goats were obtained from two flocks which were serologically CAEV free. They individually tested negative for the virus by an enzyme-linked immunoabsorbent assay against total proteins (Chekit CAEV/ MVV; Behring), nested PCR, and viral isolation from peripheral blood mononuclear cells (PBMCs) and skin fibroblasts biopsies. All except goat 427 were inoculated in the right carpus with 1 ml of infected GSM cell culture supernatant diluted with culture medium in order to obtain a dose of 20,000 cpm of reverse transcriptase (RT) activity. Infection of goat 427 was done by intratracheal injection with 2 ml of supernatant from DU-G-infected GSM cells, corresponding to 2 ϫ 10 6 cpm of RT activity. Goats 318 and 428 were mock infected with supernatants of noninfected GSM cell cultures. Goats 329, 427, and 437 were inoculated with the single point mutant DU-G. Goats 320, 321, 323, 326, and 328 were injected with the DU-1 deletion mutant, and goats 429 and 432 were positive controls inoculated with the dUTPase-competent WT virus.
Cell and virus isolation. Blood (100 ml) was collected at weeks 2, 3, and 4 postinoculation and at monthly intervals thereafter for virus isolation. Monocytederived macrophages (MDM) were prepared from heparinized blood by centrifugation on a Ficoll-Paque gradient (Pharmacia). Mononuclear cells (20 ϫ 10 6 to 30 ϫ 10 6 PBMCs) were cultured in RPMI medium supplemented with glutamine, antibiotics, and 10% (each) decomplemented fetal calf serum and sheep serum. To allow maturation, they were kept in hydrophobic Petriperm plates (Heraeus), onto which they adhered after day 5. Nonadherent cells were washed vigorously at day 7 or 10. Mammary secretion macrophages (SM) or bronchoalveolar lavage (BAL) macrophages were washed in RPMI medium, allowed to adhere onto plastic cultures plates for 2 to 3 h, and then washed vigorously with phosphate-buffered saline. Adherent mature macrophages were maintained in RPMI medium supplemented with glutamine, antibiotics, and 10% decomplemented fetal calf serum, and 5% decomplemented sheep serum. Amphotericin B (Fungizone; Gibco/BRL) (2.5 g/ml) was added to SM and BAL macrophage cultures. Supernatants from explanted macrophages were harvested every 2 or 3 days for 12 days and centrifuged in a refrigerated Eppendorf centrifuge. The pelleted virions were resuspended in 20 l of NTE (100 mM NaCl, 10 mM Tris-HCl [pH 7.5], and 1 mM EDTA) containing 0.1% Triton X-100. Solubilized virions were used to assess the RT and the dUTPase activities as previously described (37) . Viral isolations were counted as positive when RT activity was detectable in the supernatant or when the genomic RNA was amplified by RT-PCR from the viral pellet (see below).
Characterization of viral isolates by RT-PCR. The solubilized virions from macrophage supernatants as described above were added to RT-PCR mixtures to amplify the genomic sequences of dUTPase-competent and dUTPase-defective CAEV quasispecies in vivo. Briefly, 4 l of the pelleted viruses in NTE-0.1% Triton was added to 20 l of an exogenous RT reaction mixture containing either 100 ng of a specific antisense primer or 100 ng of random hexaprimers and 5 U of RT (avian myeloblastosis virus RT; Promega). This mixture was subjected to one cycle at 65°C for 3 min and then to a cycle either at 50°C for 20 min when the reverse primers were CRT18 (DU gene fragments) and CRT27 (env fragments) or at 37°C for 30 min in the case of hexapriming. Following a terminal incubation at 98°C for 5 min, 2 l of this RT product was added to 23 l of a PCR mixture containing 1.25 U of a thermostable DNA polymerase and 200 ng of each primer. The cycling parameters were as follow: 2 min of denaturation at 94°C and then 35 cycles of 94°C for 30 s, 55°C for 40 s, and 72°C for 45 s, followed by elongation at 72°C for 7 min. For the DU gene fragment, two sets of PCRs, one with two external primers (C22 and CRT18) and the other with one primer internal to the DU-1 deletion (C23 and CRT18) were made. The primer sequences are shown in Table 1 .
Postmortem examinations. Following sacrifice, biopsies of selected tissues were made for analysis of viral transcription and histopathological changes. Virus isolation from macrophages in the BAL was used for variability and phylogenetic studies.
Analysis of viral transcription in tissues. Total cellular RNAs were isolated with the RNA-B extraction kit (BIOPROBE) according to the manufacturer's protocol. Two micrograms of total RNAs was reverse transcribed with 100 ng of hexaprimers. Two CAEV-specific fragments were then amplified by PCR with either C22 and CRT18 (DU gene) or C14 and CRT27 (3Ј end of the genome). A caprine glyceraldehyde 3-phosphate dehydrogenase gene fragment (28a) was also amplified with CGAP1 (GTTCCACTATGATTCCACCC) and CGAPR1 (TCCCTCCACGATGCCAAAG) as an internal control for the efficiency of reverse transcription. PCR products were gel separated, transferred onto nylon membranes by Southern blotting, and hybridized either with random-primed probes (DU gene and env fragments) or with labeled CGAP2 oligonucleotide (CAGTCAAGGCAGAGAATGGG) (glyceraldehyde 3-phosphate dehydrogenase gene fragment).
Variability studies. Selected isolates from DU Ϫ virus-infected goats 321, 323, and 329 and from WT virus-infected goats 429 and 432 were chosen to study the viral quasispecies. We selected viruses recovered from MDM, SM, and BAL macrophages at different time points. Sequence data were obtained from cloned RT-PCR products derived from virions solubilized in NTE-Triton. Two variable regions, the intergenic region between tat and env and the C-terminal region of the surface glycoprotein (SU), were amplified from hexaprimed RT reactions as described above. The tat-env fragment was amplified with primers C1-Eco and CRT37, and the C-terminal end of SU was amplified with C44 and CRT38. Restriction sites in the oligonucleotides allowed directional cloning in pUC19. Excluding primers, 287 (tat-env) or 300 (env) nucleotides of unambigous sequence was obtained from three or four clones by custom automated sequencing (Genome Express SA). DNA sequences were aligned by using Treealign from MacDNASIS (Hitachi Software) or Clustal W (35) . Phylogenetic trees were constructed by the neighbor-joining method (29) and the Kimura two-parameter model with gap stripping. Only independent mutations were scored for the variability study.
Histopathological studies. Fragments of the radiocarpal synovium were collected from both carpal joints of the goats at sacrifice. Tissues were fixed in formalin, paraffin embedded, sectioned, and stained with hematoxylin-safraneosin. On microscopic analysis, the severity of the lesions was graded on a scale of Ϫ to ϩϩϩ according to the extent of infiltration by lymphoplasmacytic cells of the synovial membrane and subsynovial connective tissue.
Nucleotide sequence accession number. The sequences of env and tat/env quasispecies have been submitted to GenBank under accession no. U81386 to U81450.
RESULTS

DU
؊ virus replicated efficiently in vivo. Previous studies from our laboratory (37) have shown that DU-G (previously called WT G ), a mutant with a punctual mutation in the dUTPase gene (Gly instead of Glu), was defective for the dUTPase activity and exhibited a delayed replication phenotype on primary macrophages while replicating to the WT level on permissive GSM cells. We constructed a double mutant, named DU-1, in the DU-G background by deleting the first of the five motifs ( Fig. 1 ) of the dUTPase which are conserved in various organisms (18) . This deletion did not significantly impair the replication of the virus in GSM cells (data not shown).
To test the role of the dUTPase gene of CAEV during viral replication in vivo, we infected CAEV-free goats with the CAEV single point mutant DU-G and deletion mutant DU-1 and compared their serological and virological parameters with those of goats infected with the dUTPase-competent WT virus. Five goats (320, 321, 323, 326, and 328) were inoculated with the double mutant DU-1, three (329, 427, and 437) were inoculated with the point mutant DU-G, two (429 and 432) were inoculated with the WT virus as positive controls, and two (418 and 428) were given culture medium of noninfected GSM cells as a negative control.
Results of serological and virological analyses are summarized in Table 2 . The anti-CAEV serology was assessed by an enzyme-linked immunosorbent assay. With the exception of the mock-infected animals 418 and 428 (data not shown), the goats seroconverted readily and regardless of the dUTPase status of the infecting virus, with some of them (goats 326, 328, 329, and 427) seroconverting as early as 3 weeks postinfection.
Cell-associated viral recovery of DU ؊ and DU ؉ viruses. We next assessed the infectious viral load in cells of the monocyte/ macrophage lineage by estimating the frequency of virus isolation either from explanted MDM which were allowed to mature in culture or from mature SM from nonlactating goats. Isolation of recovered viruses had two purposes. First, we could systematically determine the dUTPase phenotype by the previously described enzymatic assay (37) . Second, we could obtain sequence data on replication-competent viruses circulating at that particular time point in the animal.
As shown in Table 2 , the mature activated mammary macrophages proved to be a more reliable source of viruses than the blood monocytes (goats 321, 329, 429, and 432), in agreement with the known bias toward active replication of ovine and caprine lentiviruses in tissue macrophages (6) . We next looked for a possible relationship between the presence of viral dUTPase and the reactivation of CAEV from macrophages. The lowest frequencies of recoveries from MDM were observed for the WT viruses in goat 432 (16%) as well as for the dUTPase-defective DU-G viruses in goats 329 (23%) and 437 (17%). The highest frequencies of recovery from MDM were observed for viruses from goats 321 (75%), 326 (80%), and 427 (100%), which were infected with DU Ϫ viruses, and from goat 429, which was infected with a dUTPase-competent virus. The timing of the successful viral recoveries, which were generally easy in the first month before seroconversion and sporadic thereafter (data not shown), was also independent of the presence of dUTPase. Therefore, the frequency of CAEV isolation, although variable among different goats, was independent of the dUTPase status of the infecting virus.
Reversion of DU ؊ point mutant. The appearance of reversions in macaques infected by simian immunodeficiency virus (SIV) mutants with point-mutated defective vpr and nef genes has been a powerful means to evaluate the necessity of those genes for efficient viral replication in vivo (8, 10, 12, 14) . We took advantage of the ability to determine the dUTPase activity (37) as a means for an exhaustive phenotypic screen for revertants in goats infected with the DU-G single point mutant. We measured the ratio of dUTP to TTP incorporated into the synthetic template-primer poly(rA)-oligo(dT) as previously described (37) . The dUTPase activity resulted in hydrolysis of dUTP and thereby low incorporation of dUTP into the cDNA. Reversion from defective to active dUTPase in the viral particle will lead to a shift from a high to a low ratio of dUTP incorporation to TTP incorporation.
Of the three animals (329, 427, and 437) inoculated with the DU-G single point mutant, only animal 427 exhibited a reversion event. MDM-and SM-recovered viruses from week 32 were dUTPase defective as demonstrated by the high ratios of dUTP to TTP incorporation, comparable to that of the deletion mutant DU-1 from animal 321 (Fig. 2) . Recovered viruses became dUTPase competent in MDM by week 34, as they exhibited dUTP/TTP ratios similar to those of viruses recovered from the WT virus-infected goat 432. The DU gene fragments of 427 MDM isolates from weeks 32 and 34 were amplified by RT-PCR and sequenced without prior cloning. Most but not all quasispecies from week 34 exhibited two changes relative to sequences from week 32 (data not shown). One of these was a G-to-A transition at position 4130, which led to a change of Gly to Glu. This transition is very likely to be the genetic change responsible for the phenotypic dUTPase reversion, as it was exactly the same as the one present in the biologic DU ϩ CAEV isolate (37) . The recovered viruses stayed dUTPase competent thereafter in MDM for the next four viral isolations until sacrifice at week 67 (Table 3) . Surprisingly, viruses recovered from peripheral mammary macrophages remained dUTPase defective on the next two occasions (weeks 38 and 43), after which the goat eventually ceased to yield sufficient numbers of SM. Viruses could still be detected by an RT-PCR assay but could not be phenotypically characterized.
In conclusion, one goat infected with the single point dUTPase mutant of CAEV exhibited reversion at week 34, suggesting that dUTPase might be advantageous for viral replication in vivo.
Tissue distributions of DU ؊ and DU ؉ viruses. In a culture system the lack of dUTPase has been shown to reduce the viral replication in primary monocytes/macrophages. Circulating monocytes are believed to be the main vehicle for CAEV spread into target tissues in vivo (the Trojan Horse hypothesis [23] ). We therefore wondered whether viral spread could be affected by the dUTPase mutations. Viral transcripts in total RNAs from selected tissues were detected by a qualitative RT-PCR analysis. Ϫ as well as DU ϩ virus expression was readily demonstrated in the right synovia, which represented the site of inoculation (for goats 321, 329, and 432), and its draining prescapulary lymph node. Viral replication was also detected in the opposite, left counterparts, showing dissemination from the point of inoculation (either the right carpus for goats 321, 329, and 432 or the lung for goat 427) to another target tissue. Viral presence in the central nervous system did not seem to be affected by the lack of viral dUTPase, as virus expression was detected in the choroid plexus of goat 329 and goat 321. Viral transcripts were demonstrated in the bone marrow of most goats, including the DU Ϫ virus-infected goat 329, which is suggestive of the presence of replication sites in stem cells. These results suggested that CAEV dissemination in those tissues did not seem to be qualitatively affected by the presence or absence of the virally encoded dUTPase.
Histopathological studies of carpal synovia. The joints from the right carpus, which corresponds to the site of injection (except for goat 427), and the left carpus were formalin fixed and stained. Table 5 summarizes results from goats infected with the deletion mutants, the single point mutants, and the WT CAEV. A section of normal synovium from an uninfected goat (goat 428) is shown in Fig. 3A ; the synovial membrane consists of a continuous monolayer of synoviocytes, and the underlying strata show rare nuclei and no accumulation of mononuclear cells. In goats infected with WT CAEV, there are extensive alterations of the synovia of both carpal joints, irrespective of the site of inoculation. The villosities are hypertrophic, and they, and the underlying strata, are extensively invaded by lymphoplasmocytic accumulations (Fig. 3B ). Animals infected with the mutant viruses showed less-extensive lesions, usually confined to the inoculated joint. The DU-1 deletion mutant caused mild mononuclear cell infiltration (Fig. 3C) in the inoculated joint of only one of three animals, and this animal (goat 321) had been exposed to the virus for a longer period than the other two. The point-mutated virus alone produced typical infiltrative lesions in the inoculated carpus in two animals (Fig. 3D) , while the goat (427) in which DU-G had reverted at 34 weeks postinoculation developed lesions in both joints. In brief, the severity of lesions decreased from bilateral major infiltrates induced by WT DU ϩ virus through unilateral infiltrates induced by the point-mutated virus to slight or no alteration after injection of the DU-1 virus.
Sections of prescapulary lymph nodes, lungs, and udders were also examined, but none, not even the lung of goat 427, showed any histological changes above the background level observed in the two mock-infected goats (data not shown).
dUTPase and genetic stability. Previous work on FIV has shown a fivefold increase of the mutation frequency in DU Ϫ versus DU ϩ proviruses in vivo (15) . These overmutated proviral DNAs amplified from PBMCs resulted from G-to-A transitions. We chose to sequence genomic RNAs from recovered isolates to focus our analysis on replication-competent viruses and to exclude the anomalous G-to-A hypermutated proviral DNAs which are known to exist in vivo as cell-associated integrated proviruses (39) . Moreover, we chose to score only mutations which were phylogenetically independent, because counting n times on n clones the same substitution event could result in a large bias. The tat-env intergenic region and the env region corresponding to the C terminus of SU were selected because they are known to be very variable among caprine and ovine lentiviruses (30) .
Phylogenetic trees were rooted by using the molecular clone sequence as an ancestral outgroup. A representative tree for 32 env sequences from three goats (321, 323, and 429) at different time points and for isolates recovered from macrophages derived from either blood, mammary secretions, or BAL is shown in Fig. 4 . Each goat exhibited its own cluster of env sequences, indicating independent evolutions of quasispecies. Viruses from the same time point but isolated from different cell types do not always cluster according to their tissue of origin, showing that some mixing of viral populations from the entire organism occurred in vivo. It was noteworthy that, for a given time point, viral divergence was as high in blood-derived monocytes as in mature macrophages from the target tissue. For subsequent analysis, we therefore pooled the number of mutations for each time point irrespective of the cell types from which the virus was recovered. Table 6 shows a summary of the variability analysis of viral quasispecies recovered from three DU Ϫ virus-infected goats (321, 323, and 329) and two DU ϩ virus-infected goats (429 and 432). The tat-env and env gene regions of viral isolates from week 32 to week 100 were analyzed. The rate of fixation of base substitution in a given gene fragment was roughly similar within an animal for different time points, as shown for goat 321's env sequence mutation rates at week 32 (6.3 ϫ 10
Ϫ3
substitutions per site per year) and week 100 (8.0 ϫ 10 Ϫ3 substitutions per site per year). The rates of divergence of the env fragment and of the tat-env region were also similar, yielding a combined rate of 6.3 ϫ 10 Ϫ3 substitutions per site per year for those regions of the DU Ϫ virus in goat 321. On average, the rates of base substitutions in DU Ϫ virus-infected animals (goats 321, 323, and 329) were slightly higher than those in DU ϩ virus-infected animals, but the significance was questionable because of the high standard deviation.
With respect to specific substitutions, there was a remarkable excess of A-to-G transitions in both DU Ϫ virus (43% of total transitions)-and DU ϩ virus (69%)-infected animals. This dominating mutation has also been reported for the dUTPaselacking simian lentivirus (42% [22] ), where A-to-G transitions were 3.7 (74/20) times more frequent than G-to-A transitions (22) . It is noteworthy than nearly the same ratio (3.1 [41/13]) applied for total A-to-G versus G-to-A substitutions in DU Ϫ CAEV. In DU ϩ CAEV quasispecies of goats 429 and 432, there was a total lack of G-to-A transitions. The expected numbers of G-to-A transitions would have been 5 transitions higher (16/3.1) if the ratios of A-to-G versus G-to-A mutations were identical in DU Ϫ and DU ϩ viruses. In conclusion, the rates of fixation of base substitution of DU Ϫ and DU ϩ CAEV in goats were not found to be significantly different, but the presence of an active dUTPase clearly prevented G-to-A transitions.
DISCUSSION
Our studies on the role of the CAEV dUTPase in CAEV replication in experimentally infected goats gave somewhat surprising results. On one hand, no significant differences in replication between the WT, the deletion mutant, and the punctual mutant have been found in our studies. Indeed, DU ϩ and DU Ϫ CAEV exhibited similar delays between infection and seroconversion, similar frequencies of virus recovery from both blood-derived and mammary-derived macrophages, similar rates of divergence, and similar organ distributions of viral RNAs. On the other hand, the dUTPase was found to affect the level of pathological changes in the joints of CAEV-infected goats. The severity of mononuclear cell infiltrations in synovia ranges from bilateral lesions (for DU ϩ virus) to nearly no lesions (deletion mutant DU-1) through lesions localized only at the site of injection (punctual mutant DU-G).
Although we do not have quantitative data for the viral load in carpal joints, the severity of arthritic lesions in goats is likely to depend on the level of viral expression in this compartment. The reversion of the point mutation demonstrated that the dUTPase confers a discrete advantage of replication in specific compartments. A higher level of replication of the DU ϩ virus a The type of virus with which the goat was infected is indicated in parentheses. Samples were taken at week 100 for goats 321 and 329, at week 67 for goat 427, and at week 48 for goat 432. Two differents RT-PCRs were analyzed; one was targeted to the DU gene, and the second was targeted to the 3Ј end of all viral RNAs. Evidence of viral expression was counted as positive when either one of the two targeted regions was detected in two independent reverse transcriptions and amplifications. ND, not done. in synovial macrophages would thus probably be translated into more severe inflammatory reactions. The difference in lesion severity between DU-1-and DU-G-infected goats would be explained by a slight difference in viral replication which went undetected in our culture system. Indeed, a difference of a few percent between DU-1 and DU-G (or WT virus) for the timing of the peak of viral production on cultured GSM cells would be considered nonsignificant, although that would be translated into large differences in the numbers of viral progeny after hundreds of replicative cycles in synovial macrophages in vivo. This would explain the increased severity of lesions from DU-1 to DU-G. Although the dUTPase status of the virus correlates reasonably well with the severity of lesions, what remains surprising is our inability to measure a potentially higher level of replication of DU ϩ virus in vivo by the analysis of the frequency of viral recovery from MDM and SM. It remains possible that we did not analyze the proper compartment of replication, and the synovial fluid would be an interesting compartment to examine.
The late reversion at week 34 of a CAEV single point mutant more closely resembles that of vpr mutant SIV (10, 14) than that of nef mutant SIV, for which rapid (within 4 weeks) reversion to a WT phenotype in experimentally infected macaques has been documented (12, 14) . Sequence data have shown that reversion of the nef TAA stop codon to an active SIV nef could be done by at least six different substitutions (12, 14) , which makes it a likely event. In contrast, conversion of TTG to the initiator codon ATG in SIV vpr, which could be accomplished by only one of all possible changes, is a late event requiring up to 70 weeks. Similarly, reversion of GGA to GAA in CAEV dUTPase may not be a likely event and may tell little about the strength of the selective pressure to acquire an active dUTPase. What is important here is that the reversion event took place.
It may be relevant that the goat (goat 427) showing DU Ϫ reversion was inoculated with a higher dose of virus than the others and in a different site (intratracheally). We cannot exclude the possibility that either the route or the higher input of virus plays a role in the reversion by providing a larger pool of replicating virus (as suggested by the high frequency of recovery) and therefore an increased probability of mutation. The fact that the DU Ϫ viral load in blood monocytes, as measured by our frequency of isolation, was not severely decreased in vivo, while DU Ϫ viruses exhibit a delay of replication in nondividing cultured primary macrophages (37) , is reminiscent of previous reports on FIV (15) . Although DU Ϫ FIV showed a 100-fold reduction in replication in cultured macrophages in vitro, the virus burden in cats was barely reduced in some tissues; this was attributed to the efficient replication of DU Ϫ virus in dividing lymphocytes, where the pool of deoxynucleotides is high. It may be that CAEV replicates in dividing cells in greater amounts than previously thought and not solely in nondividing tissue macrophages. Alternatively, a change of the tropism of the DU Ϫ viruses toward better replication in some dividing cells is also possible. Some of these dividing cells could be the myeloid precursor of monocytes in FIG. 4 . Phylogenenetic tree of the env gene fragments from monocyte-derived (md), mammary secretion-derived (sm), and BAL-derived (lb) isolates from goats 429, 321, and 323. The first three digits of the fragment name indicate the goat number, and the last three digits indicate the week of isolation and clone number (e.g., 429sm323 is clone 3 from an sm isolate at week 32 recovered from goat 429), except for sm, lb, and md 101, 102, and 103, which refer to clone 1, 2, or 3 of week 100. The phenogram representation of this neighbor-joining tree was modified by hand to make the molecular clone appear as the ancestor at the root. the bone marrow, since RT-PCR analysis (this work) and in situ hybridizations studies (7, 40) have shown that CAEV is transcriptionally active in macrophagic cells located in myelopoietic nests in the bone marrow. Moreover, active viral replication in stem cells would generate mutations which could be passed to the viral genomes in nondividing daughter monocytes. This could be a partial explanation for the observed (Table 6 ) anomalous substitution rate in blood monocytes, which is as high that as in sites of active replication.
Because of the high standard deviations for the rates of fixation of substitutions, it is not possible to conclude whether the CAEV dUTPase exerts an overall antimutator function as reported for HSV-1 (27) . Irrespective of the dUTPase activity, caprine lentiviruses exhibit rates of divergence (around 2.3 ϫ 10 Ϫ3 to 10 ϫ 10 Ϫ3 per base per year) very similar to those of human or simian lentiviruses (2, 11, 13, 22) . This strongly suggests that CAEV replication in goats displays the high dynamics of human immunodeficiency replication in vivo (24) and thus that CAEV replicates a few hundred times a year.
We have shown that the viral dUTPase prevents accumulation of G-to-A substitutions. How can dUTP hydrolysis be related to this kind of substitution? In macrophages the pool of deoxynucleotides in general and that of TTP and dCTP in particular are very low (Ͻ1 pmol/10 6 cells), and there is no de novo deoxynucleotide synthesis (33) . If the genomic RNA sequence A-G-C-U is to be reverse transcribed in such an environment and in the absence of the virally encoded dUTPase, some of the minus strands might look like dT-dU-dG-dA because of the lack of dCTP and the stability of the dU-G pair. RNase H will degrade the RNA template, and this uracil misincorporation will become fixed in the cDNA. During second-strand synthesis, any misincorporation will be subjected to the DNA repair machinery in the nucleus, as human macrophages, unlike other nondividing cells, do express DNA repair machinery (34) . The resulting plus strand will consequently look like dA-dA-dC-dT, ending in a G-to-A substitution. Replication in macrophages without some sort of mechanisms preventing accumulation of these substitutions will lead to a drift of the genome toward poly(A). Replication in macrophages and A-rich genomes are the hallmarks of all lentiviruses. If the dUTPase gene has been captured by CAEV and some other viruses to limit the drift toward this highly asymmetric nucleotide composition, how do primate lentiviruses cope with that problem? A shift toward frequent replication in dividing CD4 T cells and/or the involvement of the Vpr-associated DNA repair uracil DNA glycosylase (1) may compensate for the lack of dUTPase. 
